Anaerobically digested fibrous solid (AD fiber) is an abundant material that offers potential to produce value-added products such as biochar. The objective of this paper is to better understand how thermochemical processing conditions affect the capacity of biochars derived from AD fiber to adsorb H 2 S from biogas. AD fiber was pyrolyzed in an electric tube reactor at temperatures up to 600°C and 60 min. The chars were employed for H 2 S scrubbing tests from a synthetic biogas. Results showed that the chars' capacity for H 2 S removal is comparable to that of activated carbon. An additional step consisting of impregnation of the chars with Na 2 CO 3 resulted in an improved capacity for H 2 S removal. To study the effect of ash, the AD fiber was also subjected to an alternative thermal treatment, hot water extraction (HWE), at 200°C for 60 min. The resulting HWE material showed no removal of H 2 S from biogas, indicating that the ash and the environment employed for the thermal treatment of AD fiber play an important role in the char's performance for H 2 S removal. Results also suggest that a portion of the S in the charcoal after the H 2 S sorption process exists as free or adsorbed S (i.e., not chemically bonded to the charcoal).
Introduction
Managing large amounts of dairy manure on concentrated animal feeding operations (CAFOs) is a pressing problem worldwide in the farming industry. In the United States (US), large CAFOs exist with up to 20,000 cows, and manure production rates of up to 69 kg of wet manure per cow per day (Pelaez-Samaniego et al., 2017) , from which approximately 50% (dry basis) corresponds to recalcitrant fibrous matter surviving the animal digestive process (Chen et al., 2003; Liao et al., 2008) . One of the options for managing such large amounts of dairy manure is via anaerobic digestion (AD) to produce biogas. However, despite the high potential for producing biogas in the US dairy industry, as of November 2017, the amount of CAFOs producing biogas through AD was limited to 203 (US EPA, 2018) , mostly due to the lack of economic viability. Further adoption of AD in CAFOs could result if value added products can be reclaimed from the by-products of the process and, at the same time, improvements are made to the quality of biogas obtained. Ideally, this should result from an integrated production of biogas and value-added products from the fiber resulting from the AD process (Ferraz et al., 2016; Pelaez-Samaniego et al., 2017) .
The fiber surviving both the cow and commercial digestion processes (AD fiber) has shown potential to produce several products such as composites, biochar, a component within growth substrates used in container plant production, and for thermochemical processing (e.g., gasification) (Pelaez-Samaniego et al., 2017) . Although the moisture content (MC) of fresh AD fiber after typical solid/liquid separation from the digestate is as high as 72% (See Section 2.1), the use of additional mechanical dewatering (Spencer, 2016) , drying utilizing recovered heat (Pelaez-Samaniego et al., 2017) , or air drying when suitable within local climates could allow for more suitable MC for downstream pyrolysis for charcoal production. Charcoal production offers several opportunities, especially if it is conducted in the same AD facility to increase the value (i.e., by improving the quality) of biogas. One of the critical contaminates that must be removed from biogas is hydrogen sulfide (H 2 S) (Greene, 2018) , which is corrosive to internal combustion engines (Fulton, 1991) and can be an environmental and human health hazard due to its odor and toxicity (Speece, 1996) . In addition, H 2 S produces emission concerns for combined heat and power (CHP) systems, as it is transformed to sulfur oxides (SOx) (Ecology, 2012) . When raw biogas is converted to compressed natural gas (CNG) for vehicle use, near complete removal of H 2 S is required. Accordingly, manure digester projects often actively scrub H 2 S out of the raw biogas stream.
There are several methods currently used for H 2 S removal. Among those, the more common approaches are: (a) addition of various types of iron salts prior to the digestion process (Wellinger and Lindberg, 2005) , (b) oxygen injection to the digester (Díaz et al. (2011) ), (c) biological treatment post digestion (Syed et al., 2006) , and (d) physical-chemical adsorption post digestion, using materials such as iron sponges and/or activated carbon (AC) (Ryckebosch et al., 2011) . Reviews on these techniques can be found in Jensen (2011 ), Ryckebosch et al. (2011 ), Muñoz et al. (2015 , and Awe et al. (2017) .
In addition to the above industrialized approaches, there is a growing interest on replacing traditional media such as sponges and AC with charcoal (biochar) filters (Ryckebosch et al., 2011) . Several publications have reported that biochar produced from sewage sludge (Yuan and Bandosz, 2007; Xu et al., 2014) , pig manure (Xu et al., 2014) , camphor tree (Shang et al., 2012; Shang et al., 2013) , bamboo and rice hull (Shang et al., 2013) , black liquor (Sun et al., 2016) , or potato peel waste (Sun et al., 2017) can be an alternative to commercial AC for H 2 S removal from biogas. However, only a few works (e.g., Kirk et al., 2013) have explored the use of biochar from AD fiber. The use of on-site produced AD fiber could benefit dairy farmers that are looking to both (a) reduce or avoid the purchase costs of necessary media and inputs, and (b) find value-added uses for the AD fiber. Further work could help to better understand the importance of the conditions of the thermal treatment for designing AD fiber chars for H 2 S scrubbing and the behavior of the chars during the scrubbing process. The objective of this paper is to better understand how the thermochemical processing conditions impact the capacity of charcoal derived from AD fiber to remove H 2 S from biogas.
Materials and methods

Materials
25 kg of anaerobically digested dairy fiber (AD fiber) (approximately 72% moisture content) were obtained from DeRuyter and Sons Dairy Farm in Outlook, WA. Upon receipt, the AD fiber was dried at 90°C for 48 h in an oven and stored in dry conditions until use. Particle size of the AD fiber (after drying) was determined as per ASTM D5644-01, using a Ro- Tap testing sieve shaker and 14 , 16, 20, 30, 40, and 45 US mesh sieves. Activated charcoal (Sigma-Aldrich, untreated activated charcoal C2889, granular, 8-20 mesh) was used for comparison of results (i.e., as control) on H 2 S sorption from biogas. Sodium carbonate (Na 2 CO 3 ) (Sigma-Aldrich, anhydrous) was used for impregnation of char. Synthetic gas containing H 2 S (65.2 vol% CH 4 , 2045 ppm H 2 S, balance CO 2 ) was supplied by Air Liquid Compressed Gases (https://industry.airliquide.us/).
Char production and preparation
The dry AD fiber, with particle size as received, was subjected to pyrolysis at 300°C, 400°C, 500°C, and 600°C, for 30 and 60 min, using a single zone Lindberg Blue M Ò tube furnace (spoon reactor, capacity of approximately 3 g of biomass per batch, metallic process tube, internal diameter of 25.4 mm), in duplicates, following the procedure described in Pelaez-Samaniego et al. (2014) . Nitrogen (150 ml/min) was used as a carrier gas. Although higher temperatures can be used for AD fiber pyrolysis, we focused on carbonization temperatures up to 600°C for 60 min, since it was our intention to understand the process of removing H 2 S from biogas when charcoal is employed. The temperature of the biomass during the pyrolysis was measured with thermocouples immersed at the center of the AD fiber charge (at two different points) and coupled with a data logger. After pyrolysis, the chars and commercial activated charcoal were ground to guarantee approximately similar particle size, using a laboratory Thomas Ò Mini Wiley mill (http://www.thomassci.com/wileymill) equipped with a 40-mesh screen. Preliminary tests showed that materials processed at or below 400°C for 30 and 60 min had very poor H 2 S scrubbing ability (i.e., the H 2 S scrubbing was negligible). Therefore, attention was paid only to materials pyrolyzed at 500 and 600°C.
Charcoals processed at 500 and 600°C for 60 min were additionally subjected to an impregnation process, using a 3 mass% Na 2 CO 3 solution prepared using E-pure water (Type I, ASTM D1193-06); then, 5 ml of the solution was mixed with 1 g of the corresponding char and dried at 105°C for 24 h. The Na 2 CO 3 salt has previously been employed for impregnating activated carbon for environmental remediation (Xiao et al., 2008; Sitthikhankaew et al., 2011) . The selection of this level of Na 2 CO 3 concentration is close to values of impregnation percentages that are used in commercial impregnated ACs (see, for instance, DESOREX Ò (Donau Carbon, n.d.)) or that have been employed in previous works (Ikeda et al., 1988; Boppart, 1996; Mescia et al., 2011) .
An alternative thermal treatment of the AD fiber, hot water extraction (HWE), was employed to evaluate the effect of the conditions of the thermal treatment and the presence and characteristics of ash in the char. Contrary to pyrolysis, which tends to result in ash accumulation, HWE removes part of the soluble ash from the material (Pelaez-Samaniego et al., 2015; Ferraz et al., 2016) . The HWE process was conducted at 180°C and 200°C for 60 min, following the procedure reported in previous works (Pelaez-Samaniego et al., 2015; Ferraz et al., 2016) . Approximately 40 g of AD fiber were used for the treatments. E-pure water was added to the container (a 1 L glass liner, Parr) to maintain a water to wood mass ratio of 5:1. The HWE materials were then ground and tested for H 2 S scrubbing following the same approach used in the case of the chars produced via pyrolysis (Section 2.3).
Hydrogen sulfide breakthrough experiment
The synthetic gas containing H 2 S was used for testing the performance of char produced from AD fiber for H 2 S removal. Scrubbing capacity of each material (i.e., chars and activated carbon) was tested in a column breakthrough experiment. One gram of the scrubbing material was placed into each of two parallel columns (to guarantee duplicates) in a laboratory experimental setup, as shown in Fig. 1 . The H 2 S scrubbing column was manufactured from a polycarbonate tube (6.35 mm internal diameter, 250 mm long). The scrubbing material was fixed inside the tubes using small amounts of cotton near the ends of the tubes. A 0.01 N HCl solution (500 ml, using distilled water) was employed to moisturize the biogas prior to the column. The pH of the solution was measured before (value was 2.3) and after each test (close to pH of 2.0, depending on the conditions of the experiment), using a pH meter (Mettler Toledo SevenEasy).
The (synthetic) biogas flow was adjusted to 5 ml/min by means of needle valves (See Fig. 1 ). The gas flow was verified daily using a VARIAN intelligent digital flowmeter and the system was checked for leaks employing a Restek electronic gas leak detector. Two blanks were run prior to each test. The H 2 S content in the biogas, after passing through the char columns, was monitored online using a gas chromatograph (GC; Varian GC3800, equipped with a CP-Silica PLOT 50 m Â 0.53 mm Â 4 mm column). Measurements of the H 2 S concentration in the gas passing through the columns were taken at regular intervals (typically every 12 h) for the duration of the experiment (up to two months, depending on the material tested). Calibration of the GC equipment was checked when the detection of H 2 S content in the synthetic biogas changed by more than 1% from the supplier specifications. H 2 S scrubbing curves were prepared for each material. The concentration measured after scrubbing was compared to that in the original gas. The breakthrough point was defined as the time at which the concentration of H 2 S after the testing column was approximately 10% of the concentration of the original synthetic test gas (i.e., the measurement after the column was approximately 200 ppm). The tests were continued past the breakthrough point to ensure the accuracy and stability of each result.
Characterization of materials
Proximate and elemental analyses
The ash content of the AD dairy fiber (after drying at 103°C for 24 h) and its derived chars was determined following ASTM D1102-84 (2007) , by combusting the material at 550°C for 2 h. Volatiles content was determined via thermogravimetry (TGA), as per ASTM E1868-04 (2004), using a TGA/SDTA851e Mettler Toledo TGA. For TGA, the fiber was heated in a nitrogen environment from 25°C to 600°C at a heating rate of 10°C/min. Fixed carbon was calculated by difference. The elemental composition (C, H, N, S content) of the AD fiber and the chars was tested using a LECO Ò TruSpec CHN instrument (St. Joseph, MI, USA) coupled with a LECO Ò 628S module, in duplicates, as described in Pelaez-Samaniego et al. (2015) . Results of ash content were used to calculate the oxygen content by difference.
Surface area
The specific surface area of the chars produced at 500 and 600°C for 60 min before and after H 2 S adsorption was determined by N 2 (g) and CO 2 (g) adsorption using a TriStar II plus automatic physisorption analyzer (Micromeritics Instrument Corporation, Norcross, GA). Approximately 100 mg of charcoal were analyzed for each material, using the same batch for both CO 2 and N 2 adsorption. Before each analysis, samples were vacuum degassed for a minimum of 10 h at 200°C and less than 13 Pa. These conditions resulted in the evolution of significant quantities of sulfur that deposited on the walls of the tubes above the heating zone, suggesting that a portion of the S in the charcoal (after the H 2 S sorption) exists as free or adsorbed S (i.e., not chemically bonded to the charcoal). Quantification of the deposited S was not possible due to the potential loss of S to the degassing system as well as interference from residual char when emptying the degassing tubes. After initial degassing, samples were transferred to clean tubes and degassed again for a minimum of 8 h at 200°C. Final analysis was conducted on approximately 50 mg of sample. N 2 isotherms were collected at 77 K and a partial pressure range of 0.0001-0.99, using 50 absorption and 35 desorption points. CO 2 isotherms were collected at 273 K and a partial pressure range of 0.00001-0.03 using a 75-point absorption isotherm. The surface area, micropore volume (V mi ), and average pore width (W avg ) were determined from the CO 2 isotherm using the Dubinin-Radushkevich (DR) equation (Dubinin and Radushkevich, 1947) fit to data points between 2 < log (P 0 P À1 ) 2 < 6. Average pore width was calculated from the characteristic energy given by the DR equation (Eq. (1)). Total pore volume (V T ) was determined from the maximum adsorption of N 2 at a partial pressure of approximately 0.99. Total mesopore volume (V me ) was determined by subtracting the micropore volume determined by N 2 from V T .
where E o is the characteristic binding energy in kJ/mol. In Eq. (1), units are presented in brackets.
Visualization of the presence of S and/or S compounds on char surface
Scanning electron microscopy (SEM) was employed for the visualization of the presence of S and/or S compounds in the char before and after the H 2 S sorption process, using an FEI Quanta 200F Scanning Electron Microscope, after gold sputtering. For the tests, the voltage was set to 20 kV (Pelaez-Samaniego et al., 2015) .
Functional groups on the surfaces of chars
XPS was employed for determining the presence of S or S compounds on the surfaces of chars after the H 2 S sorption process. The XPS spectra of chars and activated carbon prior to and following H 2 S scrubbing were collected using an AXIS-165 system from Kratos Analytical Inc. (Spring Valley, NY, USA). Scans were collected using an achromatic Mg Ka X-ray source with emission at 1253.6 eV with a pass energy of 40 eV and spot size of approximately 120 mm. Calibration was performed using the Au 4f 7/2 peak at 84.0 eV and the Ag 3d 5/2 peak at 368.3 eV. Each survey scan used a step size of 1 eV to assess primary surface chemical composition. The S2p, C1s, and O1s peaks were also analyzed at a higher resolution with a step size of 0.15 eV to determine approximate bond distributions for each species.
Each spectrum was analyzed by means of XPSpeak4.1 software using Shirley type baseline corrections (Shirley, 1972) . Static charging, when present, was corrected with a flood gun. Filament current and charge balance were adjusted to center the C-C peak as near as possible to 284.4 eV without inducing peak broadening. The varying degrees of charging and correction can introduce shifts of up to 1.0-2.0 eV in the spectra, which were corrected by shifting the full spectra to set the maximum of the C-C peak at 284.4 eV.
Metals and minerals
The presence of metals and minerals in the AD fiber and the chars was determined via Inductively Coupled Plasma Mass Spectrometry (ICP-MS), following the procedure reported by Pecha et al. (2015) and using an Agilent 7600cx ICP-MS equipment. Prior to the test, samples of approximately 100 mg were mixed with 3 ml nitric acid (HNO 3 , 69-70%) and 2 H 2 O 2 (30%) in a microwave digester (SP-D, CEM Corporation) at 300°C and 1.7 MPa (250 psi) for 5 min. The digestion conditions were reached using a five minutes ramp. After digestion, 1 ml of internal standard (10 mg/ml) Bi, Li-6, Sc, Tb, and Y (Accustandard, Inc.) was added to each digested solution and diluted to 100 ml using E-pure water. Equipment operational conditions, tuning procedure, and calibration were the same as those reported by Pecha et al. (2015) .
Results and discussion
The particle size distribution of the as received (dry) AD fiber as well as the TGA and DTG (differential thermogravimetry) curves of the thermal degradation of the fiber are presented in Fig. 2 . As seen in Fig. 2a , more than 75% of the fiber passed sieves with hole diameter of 1.19 mm. This material was directly used for pyrolysis. The pyrolysis process followed a heating pattern as that presented in Fig. 3 , which shows, as an example, the 600°C Â 60 min (herein referred to as T600x60, as specified in Table 1 ) pyrolysis process. It is observed that, for the T600x60 pyrolysis, during the 60 min process, approximately 10 min where required to heat the sample to the set temperature. The char yields for the different combinations of temperature and time are presented in Table 1 . As seen, for a specific pyrolysis temperature, increasing the duration of the pyrolysis process did not affect the yield of char in a visible manner. Table 2 shows the proximate and elemental composition of AD fiber and the T500x60 and T600x60 chars. As presented in next sections, these two materials are of interest due to their potential for H 2 S removal from biogas. The char after HWE is included for comparison (See Section 3.5). The ash content in the chars increases as the temperature of the pyrolysis process augments. However, it is evident that the ash content of the fiber after the HWE process decreases. As expected, the C content increases and H content decreases as the pyrolysis temperature increases. Fig. 4 shows the adsorption isotherms for chars before (black lines) and after (red lines) H 2 S adsorption for T500x60 (dashed lines) and T600x60 (solid lines) using (a) CO 2 at 273 K and (b) N 2 at 77 K. The results indicate that nitrogen adsorption was insufficient to fully probe the highly microporous structures of these chars within the 40 h time constraint of the Dewar used. For both T500x60 and T600x60, the estimated microporous pore volume (V mi ) exceeded the total pore volume estimated by nitrogen (V N2 ), indicating that the micropores were not adequately equilibrated during data collection. The increase in average pore width (W avg ) observed after H 2 S adsorption could result from the degassing process prior the test or it could be an indication that some carbon has reacted during the adsorption process. The wider pores also explain the apparent increase in N 2 adsorption, as diffusion in pores less than 1.5 nm is extremely slow at 77 K. Although the micropores were found to broaden mildly, only a 10% reduction in surface area was observed for the T500-60 char while no significant change was observed for the char produced at T600-60. Table 3 shows the surface area of the chars before and after the H 2 S sorption process. Fig. 5 shows the XPS curves for AC, impregnated T500x60, and impregnated T600x60, before and after the H 2 S sorption process. The results show mild sulfur adsorption for the char samples, with a greater quantity adsorbed on the T600x60 char. Comparative to char samples, larger quantities of sulfur are identified on the control (AC). In both char samples, an Na Auger peak is observed near 262 eV, resulting from the impregnated Na 2 CO 3 . This was confirmed by running a separate wide scan using a monochromic Al X-ray source. In this instance, the Auger line was found to move to 495 eV, related with Na (Moulder et al., 1995) . For both chars, adsorption of H 2 S resulted in a relative decrease of the carbon peak when compared to the oxygen peak, indicating oxidation of the surface. Analysis of the sulfur peaks for the H 2 S adsorbed T600x60 sample (Fig. 6) shows that two distinct species are present on the surface of the char, an elemental sulfur (peak near 164 eV) and an oxidized sulfur (likely sulfate) with a peak near 169 eV (Peisert et al., 1994) . The double structure of the peak near 164 eV, most clearly observed in the AC-H 2 S sample, has a peak separation of approximately 1.2 eV, with the intensity of highest binding energy peak approximately half that of the lower. This structure is attributed to the separation of the S2p3/2 and S2p1/2 spin orbitals, with the position consistent with that commonly reported for elemental sulfur (Moulder et al., 1995) .
Proximate and elemental composition
Surface area
XPS results
Comparison of the C1s peaks in Fig. 7A indicates that a slightly more oxidized carbon surface is present for post adsorption chars. It is not clear whether this effect is due to oxidation or residual carbonate from the initial salt impregnation. A moderate position shift, approximate 0.5 eV, is noted for the oxygen peak as shown in Fig. 7B . The source of this shift is attributed to sulfate formation. In the case of AC, a position downshift of approximately 0.5 eV is observed. The shift and increased intensity of this peak is not related to any changes in the C1s spectra or formation of substantial oxidized sulfur species but may be indicative of oxidation of other types of minerals such as calcium or potassium present in the sample. The surface carbon, oxygen, and sulfur concentrations are reported on an atomic percent basis in Table 4 , using Scofield relative sensitivity factors C 1s: 1, O 1s: 2.93, S 2p: 1.677 (Scofield, 1976) . The high concentration of sulfur detected by XPS relative to the total adsorbed sulfur is consistent with surface adsorption. The BET surface area of this AC determined by a N 2 isotherm is 669 m 2 g À1 (Smith et al., 2015) , 4.5 times that of the T600x60 + H 2 S char. Examining the fine scan of sulfur region by XPS of T600x60 + H 2 S shows that approximately 60% of the detected sulfur is present as an elemental sulfur, representing 6.0% of the total detected surface atoms. This is 25% of that detected on AC, in good agreement with the difference in surface area. Similarly, the surface area of the T500x60 H 2 S char is approximately 80% that of T600x60 H 2 S, which correlates with the variance in to adsorbed sulfur. The addition of Na 2 CO 3 to the chars appears to substantially increase overall adsorption capacity compared to surface area effects alone, as confirmed later (see Table 6 ). Sulfate compounds represent 40% of all retained sulfur at the surface for impregnated chars. Table 5 shows the minerals and metals content of AD fiber and the T500x60 and T600x60 chars. Both minerals and metals content increase as pyrolysis temperature increases. However, the trend of Mg, Ca, and Fe is of interest, since these elements could contribute most to H 2 S removal from biogas. This result is expected since the ash content also increased.
Minerals and metals in chars
Results of the breakthrough experiment
Results of the biogas scrubbing using pyrolyzed AD fiber show that the conditions of the thermal pretreatments have a strong influence on the char's ability to remove H 2 S from biogas. It was observed that the H 2 S scrubbing capacity of AD fiber charcoal produced at 300°C and 400°C for 60 min is negligible. Therefore, these results are not presented in Fig. 8 . Char produced at higher temperatures (500°C and 600°C) and for longer time (60 min) had breakthrough points that were notably longer than those of char produced at lower temperatures for shorter periods (30 min) ( Fig. 8) . Consequently, pyrolysis of AD fiber at temperatures below 500°C and duration below 1 h is not an attractive alternative for replacing AC for H 2 S removal from biogas, even after Na 2 -CO 3 impregnation. Table 6 shows the time (in h) at which the breakthrough point happened and the H 2 S scrubbing capacity of the chars tested. Charcoal produced from AD fiber at 500°C for 60 min (T500x60) had a breakthrough after 192 h of operation (in the conditions of our experiments). The same material including the Na 2 CO 3 impregnation showed an increase of H 2 S scrubbing capacity by more than 37%. AD fiber pyrolyzed at 600°C for 60 min (T600x60) shows a notably higher breakthrough capacity of approximately 768 h. The addition of the Na 2 CO 3 impregnation promotes an increase of the breakthrough point by approximately 20% and a similar increase of H 2 S scrubbing capacity. Compared to AC, these values are higher by approximately 6% and 7% for the breakthrough point and the H 2 S scrubbing capacity, respectively. These results show that pyrolysis of AD fiber at temperatures of 600°C for 60 min, followed by Na 2 CO 3 impregnation can be a valid strategy for H 2 S scrubbing, and could offer a substitute for commercial activated carbon.
In the case of hot water extracted materials, it has been observed that water used for HWE promotes the degradation of wood constituents and modifies wood properties in a way that is comparable with the effect of thermal treatment in dry environments at higher temperatures (Pelaez-Samaniego et al. (2013) ). This led us to the hypothesis that AD fiber treated by HWE would perform similarly to the pyrolysis char. However, the H 2 S scrubbing test showed that the scrubbing capacity of the HWE AD fiber (at 200°C) was negligible since the breakthrough point of this material was reached in less than 24 h. These results suggest that the H 2 S scrubbing capacity of HWE AD fiber is reduced due probably to the partial removal of ash during HWE (See Table 2 ) and to the poor porosity resulting from the low temperature used for HWE. We hypothesize that the capacity of impregnated pyrolysis char produced at higher temperatures results from two complementary factors: (a) the increased porosity of the char, which promotes physical sorption of H 2 S, and (b) the presence of chemical groups in the pores or on the surface of treated fibers, resulting from the presence of ash, since these groups could promote chemical sorption.
S Content in chars after H 2 S scrubbing
The S content of the chars before (for comparison) and after the H 2 S cleaning process, determined via elemental analysis tests, is presented in Table 7 . Although not comparable because the durations of the tests vary, the results show that increase of temperature and impregnation both augment the capacity of H 2 S scrubbing during the sorption process. Fig. 9 shows SEM micrographs of the AC, untreated AD fiber, both the T500x60 and T600x60 samples, and the corresponding materials after the sorption process. It is seen that, after scrubbing, the char surfaces show material that is not present prior to the H 2 S sorption process, suggesting that the new materials result from H 2 S deposition on the surfaces and/or chemical reactions with active chemical groups on the surfaces of the chars, especially after the Na 2 CO 3 impregnation process. The earlier observation showing removal of S and/or S compounds in vacuum conditions and the SEM pictures suggest that the extracted S during vacuum conditions could have resulted from the partial removal of the material observed on the surfaces of the chars. It is also possible to see that the pattern of the deposition of S and/or S compounds is different in AC compared to that in the chars. Solid lines represent materials before the H 2 S sorption process and dashed lines represent materials after the H 2 S sorption process. Each spectrum was normalized to the largest peak. 
SEM results
Conclusions
Charcoal produced (via slow pyrolysis) from anaerobically digested dairy fiber at temperatures of 600°C for 60 min (T600x60) can be an effective material for H 2 S removal from biogas. Impregnation with Na 2 CO 3 prior to the H 2 S scrubbing process was found to further increase the adsorption potential of these materials. An alternative thermal treatment, hot water extraction (HWE), did not perform adequately, suggesting that, either independently or in conjunction, the presence of ash in the pyrolysis charcoal (which is partly removed in HWE), the porosity, or the aromatic condensation (which is substantially lower in the HWE material compared to charcoal) could catalyze and otherwise facilitate the sorption process. Results suggest that a portion of the S in the charcoal after the H 2 S sorption process exists as free or adsorbed S (i.e., not chemically bonded to the charcoal). Using char from AD fiber for H 2 S removal from biogas appears to be a promising alternative to other commercial methods currently used, since AD fiber is readily available in dairy farms. This process is a potentially viable option for using abundant on-site AD fiber that requires urgent attention to add value to the products from AD in dairy farms. Fig. 9 . SEM micrographs (at three levels of magnification) of AD dairy fiber and three types of thermal treatment (pyrolysis at 500/600°C for 60 min, 600°C with impregnation) before and after the H 2 S scrubbing process. Activated carbon before and after sorption included for comparison. Figure A shows the impact of pyrolysis time and impregnation for chars produced at 500°C. Figure B shows the effect of pyrolysis time and impregnation of chars produced at 600°C and compares with AC's scrubbing capacity. 
